Whilst several G protein-coupled receptors (GPCRs) have been shown to play important roles during development, little study has been carried out on the G protein-coupled receptor kinases (GRKs) that modulate their activity in embryos. Here, we have analyzed the expression of GRK2, the predominant GRK expressed during embryogenesis. We show that at early stages, the expression of GRK2 is restricted to populations of cells that are undifferentiated, multipotent and in many cases, migratory. As such, GRK2 transcripts were found in the early mesoderm and neural crest as they migrate from the primitive streak and the neural tube, respectively. In the limb bud, GRK2 transcripts were observed in cells of the progress zone and in the interdigital areas. At later stages, the expression in the heart is compatible with the phenotype observed in the GRK2 de®cient mice. q
Introduction
G protein-coupled receptor kinases (GRKs) play a key role in the modulation of G protein-coupled receptors (GPCRs). Agonist-dependent phosphorylation of GPCR by GRKs allows the recruitment of regulatory proteins termed arrestins. This process results in GPCR uncoupling from G proteins (i.e. desensitization) and triggers transient receptor internalization and recycling (Pitcher et al., 1998) . Emerging evidence also suggests that GRK2 and arrestins might be directly involved in the GPCR-mediated activation of the mitogen-activated protein kinase (MAPK) cascade (Luttrell et al., 1999; Sarnago et al., 1999 and references therein), and MAPK has been recently shown to associate with GRK2 and to modulate its function (Elorza et al., 2000) .
Despite the importance of GPCR-mediated signalling in a wide variety of physiological processes, the potential role of GRKs during development has been generally overlooked. This is somewhat surprising given the relevance of an increasing number of GPCRs in developmental and morphogenetic processes (Zou et al., 1998) . Although the regulatory mechanisms are not known, both the putative Wingless receptor Frizzled-2 (Bhanot et al., 1996) and Smoothened (Alcedo et al., 1996; van den Heubel and Ingham, 1996) , a protein homologous to the serpentine receptors that interact with the hedgehog signalling pathway, are GPCRs. Consistent with the important role of GRKs in modulating GPCR signalling in cardiac tissue (Eckhart et al., 2000) , GRK2 knockout mice display marked myocardial hypoplasia and lethal heart failure, thus suggesting a fundamental role for cardiovascular development and function (Jaber et al., 1996) . Since GRK2 appears to be the principal member of the family that is expressed during development (Jaber et al., 1996) , we have analyzed its expression pattern during the early stages of embryogenesis in the mouse.
Results and discussion
2.1. GRK2 is expressed from very early stages of development in multipotent and migratory cell populations
In situ hybridization was carried out on mouse embryos at early stages of development to determine the spatiotemporal expression pattern of GRK2 mRNA. Transcripts of GRK2 were ®rst detected in embryos at 7.5 days post coitum (dpc) (Fig. 1A) . High levels of expression were (Fig. 1A,B ). This expression as well as the expression in extraembryonic mesodermal tissues such as the allantois was also observed in embryos at 8 and 8.5 dpc of ( Fig. 1D and not shown). Transcripts were also detected in the cephalic neural crest (Fig. 1C ) on their way towards the branchial arches, where they can be seen from 8.5 dpc (Figs. 1D±G and 2C) . The premigratory trunk neural crest cells also express GRK2. However, these cells seem to downregulate this expression soon after they have emigrated from the neural tube (Fig. 1F±H ). Both the early mesodermal cells and the neural crest cells are multipotent, and both originate as epithelial cells that undergo an epithelial to mesenchyme transition to acquire their migratory properties. These cell populations also express the transcription factor Snail, shown to be important for them to undergo this transition and attain migratory properties (Cano et al., 2000; Batlle et al., 2000) . Fig. 1 . Expression pattern of GRK2 during early embryonic development. Expression is detected from 7.5 dpc in the primitive streak and the early mesoderm migrating from it (A,B) and, later on, in the neural crest (C±H) and in the allantois (D). Developmental stages are indicated in the photographs. The dashed lines in A, D and F indicate the approximate positions of the sections shown in (B, E, G,H), respectively. al, allantois; ba, branchial arches; em, early mesoderm; nc, neural crest; nt, neural tube; pnc, premigratory neural crest; ps, primitive streak.
Expression of GRK2 during limb development
From 9.5 dpc onwards, strong expression of GRK2 was observed in the developing limbs. In whole mount, expression appears to extend across the whole limb bud ( Fig.  2A,C,D) . This is due to the expression of GRK2 in the developing skin, in the region of epithelial-mesenchymal interactions (Fig. 2B,E ,G,H for a high power view). When analyzed in sections, transcripts of GRK2 were found in cells that populate the progress zone of the limb bud from 9.5 dpc embryos (Fig. 2A±E) . These cells constitute an undifferentiated, multipotent population from which different limb tissues are derived. At later stages of limb development, GRK2 expression was still observed in regions where cells remained undifferentiated, as such, at 12.5 dpc, GRK2 transcripts were readily detected in cells of the interdigital mesenchyme (Fig. 2F,G) . It is noteworthy that a subtype of the adrenergic receptor family, a potential target of GRK2 activity, has been implicated in the process of apoptosis suffered by this tissue (Wang and Limbird, 1997) . Both the cells at the progress zone and those of the interdigital mesenchyme also express members of the Snail family in a similar manner to GRK2 (Sefton et al., 1998) .
Expression of GRK2 during heart development
From 11.5 days of development, the expression of GRK2 was also observed in several organs and tissues such as the liver and the lung primordia, the dorsal root ganglia and the motorneurons (not shown). In the heart, GRK2 was expressed in the myocardium, the muscular part of the interventricular septum, the atrium, the aortic valve and the pericardium. Transcripts can be detected in the myocardium of both ventricles, as well as in the lateral wall of the atrium from 11.5 dpc (Fig. 3A,B) . As development proceeds, the numerous cells that compose the proliferative compact cell layer of the myocardium continue to express high levels of GRK2, in contrast to the adjacent epicardium which is devoid of transcripts (Fig. 3C ) and the trabeculae which show a low level of expression. The muscular part of the interventricular septum fuses with the conotruncal ridges between 14.5 and 15.5 dpc (Vuillemin and Pexieder, 1989) , a crucial event for the proper functioning of the heart. We observed expression of GRK2in the interventricular septum and at high levels in the aortic valve but not in the conotruncus region (Fig. 3D±F ). Transcripts were also evident in the lateral part of both the right and left atrium at (B,E) , respectively. G is a section of the limb shown in (F), and (H) shows a high power image of the same section to observe the expression in the developing skin. id, interdigital areas; pz, progress zone.
11.5 dpc (Fig. 3B , left atrium) becoming more intense in the atrial wall at 16.5 dpc (Fig. 3G) . Thus, expression in the heart is compatible with the phenotype of GRK2 mutant mouse embryos that die from heart failure (Jaber et al., 1996) and show hypoplasia of the myocardium, the septum and the atria.
In conclusion, during early embryonic development high levels of GRK2 expression are detected in cells that undergo changes in cell shape that are usually associated to migratory processes. This is compatible with the idea that the modulation of GPCR activity by GRKs might be important for neuronal migration (Zou et al., 1998) as it is in other chemotactic processes, such as the monocyte and lymphocyte response to chemokines (Aragay et al., 1998) . Furthermore, it is worth noting that a GRK Drosophila homologue, Gprk2, has been implicated in egg morphogenesis and suggested to participate in the process of cell shape change that occurs concomitant with migration (Schneider and Spradling, 1997) . Since Snail has been implicated in the epithelial-mesenchymal transition than renders cells migratory (Cano et al., 2000; Batlle et al., 2000) , its co-localization with GRK2 in migratory cells, make it interesting to study whether these two genes may function in the same or parallel pathways.
Methods

In situ hybridization
The embryos were obtained from natural matings of Balb-C (Harlan) mouse strain and their age determined as days post coitum, the day on which the vaginal plug was detected being designated 0.5 dpc. Embryos as well as dissected hearts were ®xed in 4% paraformaldehyde and processed for either whole mount or free-¯oating in situ hybridization as described in Nieto et al. (1996) . The latter were performed on 100 mm vibratome sections of gelatinembedded hearts. After whole mount in situ hybridization, embryos were embedded in paraf®n and sectioned for a more detailed analysis. The probes used corresponded to a NotI/SacI (540 bp) and a HindIII/SpHI (933bp) fragments subcloned from the complete mouse cDNA, which correspond to the amino and carboxy-terminal domains of the GRK2 protein, respectively. The full cDNA construct was kindly provided by Drs G. Shen and P. Insel (University of California, San Diego). Fig. 3 . Expression of GRK2 during heart development. Paraf®n (A,B) and vibratome (C±G) sections of the developing heart at the stages shown in the photographs. Expression is detected in the myocardium of both ventricles from 11.5 dpc (A,B). Transcripts are found in the muscular part of the interventricular septum (D,E,F), the wall of the atrium (arrowheads in B and G) and in the aortic valve (D,G). a, atrium; av, aortic valve; bc, bulbus cordis (future right ventricle); ec, endocardial cushion; ep, epicardium; ivs, interventricular septun; lv, left ventricle; mc, myocardium; p, pericardium; rv, right ventricle.
